Abstract. Aiming at the acquirement of the turbine blade profile data with both high accuracy and efficiency, a non-contact measuring system based on line-laser displacement sensor and four-axis numerical-control platform has been developed. This article mainly describes the presented solution of the calibration of the laser axis and the rotation axis. With this solution, a measurement data merging algorithm was designed and applied to generate the blade profile from a set of multi-view point clouds. At the end of the article, an experiment was performed to verify the efficiency and accuracy of the system.
Introduction
The shape of the turbine blade surface has a decisive influence on the performance of the aero engine. As a key part of the aero engine, the turbine blade must have a high level of shape accuracy and surface integrity to meet the requirements of safety and high-performance of the aero engine. Therefore, an accurate detection and evaluation of the blade surface become an important guarantee to the manufacturing quality of the turbine blade [1] [2] , while the traditional ways such as template profile method, automatic draw-curve method and electric sense method has been unable to handle the issue [3] . Currently the CMM is the most widely used method of measuring the turbine blade [4] , which provides a quite high level of accuracy. However, a theoretic CAD model is needed to conduct a strict measuring trace planning to make a correct compensation for the probe radius [5] . That process will take a lot of time and still cannot solve the problem of the compensation on the high-curvature surface. The laser measuring can quickly acquire high-density point cloud data, which can solve the problems with both high quality and efficiency [6] [7] .
Description of System
As show in figure.1, this system consists of two parts: the four-axis numerical-control mobile platform and the line-laser displacement sensor. The returned data from the grating ruler of the mobile platform is used to build a universally environmental coordinate system and to transform the point data in the coordinate system of the sensor into the environmental coordinate system. Then using the feature of the sensor's data, accurate calibrations of the sensor coordinate system and the rotation axis of the environmental coordinate system will be executed with the software. (1)The working principle of the system The laser displacement sensor in the system utilizes the optical triangulation method and can get 625 points data at once when the corresponding function is called. Though the accuracy of a single point is 10-20m, lower than the CMM method, the rebuilt surface still can be made precise through a right construction method. The best working distance of the sensor is within X(-12.5mm, 12.5mm) and Z(90mm, 115mm).
As show in figure. 2, there are two coordinate systems-the sensor coordinate system (CS)(Xs, Zs), and the environmental coordinate system (Ce)(Xe, Ye, Ze, Ae), in which the Ce data comes from the grating ruler of the mobile platform. The basic process of data acquirement is as follow:
Calibrate the position and direction of the Cs in the Ce using a specially designed measuring process which can figure out the pose deviation of the system precisely;
Figure out the position and the direction of the rotating axis A in the Ce. Execute a multi-view measurement of the part on the rotating platform. And with the calibration result, the data will be transformed from the 2D data in the Cs to the absolute 3Ddata in the Ce.
Joint the multi-view data point clouds into a single-view data point cloud with the calibration results of the rotating axis A and the value of current angle returned by the grating ruler.
(2)Methods of the system i. The calibration of the pose deviation of the Cs in the Ce Given the fact that the assemblage between the sensor and the mobile platform is designed to be easily disassembled and that even the smallest deviation during the assembling can cause an obvious error in the process of jointing. So the calibration of the Cs in the Ce is critical to the final accuracy of the system.
The measuring coordinate system of the sensor is a 2D system with axes of X and Z. For the convenience of the data transforming between the Cs and the Ce, the vectors of the axes in the Cs must be perpendicular to the corresponding axes in the Ce. The assemblage of the sensor depends on the fitting between 2 planes of the platform and sensor only, so it can be assumed that the majority of the assembly error comes from the level deviation of the main laser direction (Z axis), which becomes the target parameter of this calibration process.
An iterative triangulation method is developed to figure out the deviation of the main laser direction, which is as shown in the following figure: This method using simple triangulation method, can figure out the angle deviation precisely after multiple iterative processes. And the result will be used in the next step of data transformation between two coordinate systems.
ii. The calibration of the rotating axis A and the jointing of multi-view data To achieve the reconstruction of the point cloud, this system adopts a multi-view data rotating jointing method based on the angle data returned by the mobile platform.
This system utilizes the method of measuring a master ball in different angle of the rotating platform and acquiring the sphere centers using least square fitting method, and with the position data of the centers figures out the direction vector of the rotating axis and the center of the rotation system.
In addition, in the optical measurement of the smooth surface, the reflection of the surface has a vital and negative effect on the imaging of the profile, causing the outlier points, which is almost inevitable for the parts with high complexity. Those outlier points can gather and form a dense cluster attach to the real surface of the part and some of those clusters can be fitted to be smooth curve. In the calibration process of the rotating axis, it will lead to an erroneous fitting result and cause huge deviation in the jointing process. This system solved the outlier problem in the calibration process through the iterative least square fitting method, which is, after each fitting process, the points with a deviation higher than the threshold will be deleted, afterwards new fitting process will be conducted on and on until no point has to be removed.
After the acquisition of calibration result, the multi-view measurement of the part can be processed. With the angle of each view and the parameters of the rotating axis, the jointing process begins. And the expression is as below: Mi' is the matrix containing the jointed data, while Mi is the one containing the multi-view data. (X,Y,Z) represents the point coordinate of the rotating center in the Ce, and the (x,y,z) is the direction vector o the rotating axis. In the expression, c=cos(-α),s=sin(-α), and the α is the current angle of view.
After jointing the data of each view, a restored point cloud is generated.
Error Analysis
Except for the error of the laser displacement sensor itself, there are several other sources of the error: the error of the mobile platform, including the deviation of the direction of the axes, the verticality and the vibration of the axes; the error during the calibration of the Cs in the Ce, including the nonlevel deviation of the laser axis; the error during the jointing, including the deviation during the calibration process of the rotating axis and the error of the value of angle returned by the rotating platform; and the specular reflection of the surface under certain inspecting angle also leads to emerge of the false measurement. Aiming at those sources of error, improvement can be made on the moving system and the extraction and the removing of the outlier points.
Experiment and Conclusion
Since the CMM can be more precise in the single point acquisition, it can be a relatively reliable reference to the result of the laser measuring system. A turbine blade is measured with this system and the CMM method separately to verify the validity and accuracy of the laser measuring system. The results of the two methods is respectively shown in the figure.4 (a) and figure.4 (b) . The data then is imported to UG and used to conduct a spline fitting. With the curve sections, we utilize the deviation detection module in UG to conduct analysis of the accuracy. The result of analysis is shown in the table below: This table indicates that 81% of the deviations are restricted within 10μm and 96% within 20μm when taking the CMM data as reference. It proves both the high accuracy in a large scale of the measurement and the efficiency of the system.
According to the result, the efficient measurement and fast jointing of the point cloud data has been achieved with high accuracy. But during the measuring process, there still are many outlier points caused by the specular reflection in certain inspecting direction. These points can form a smooth curve attach to the surface of the part called non-isolated outlier points and be hard to recognize and remove. The next improvement should solve this problem with the method of majority voting detection of the outlier points, which divides the point cloud into regular point clusters and irregular point clusters, and isolates the non-isolated point clusters through a vote among the regular points.
